Purpose: Surgical punctal occlusion is indispensable for the treatment of severe dry eye in cases where punctal-plug insertion is not applicable due to an enlarged or deformed punctum. However, permanent punctal occlusion is difficult in some cases. In our aim to establish a more reliable punctal occlusion, we have devised a new surgical approach for punctal occlusion.
Introduction
Sjögren's syndrome (SS)-related aqueous-tear-deficient dry eye (ATDDE) 1 sometimes results in severe superficial punctate keratopathy and/or persistent corneal filaments that can lead to severe ocular discomfort and/or pain. In such severe cases, since medical treatment involving the topical instillation of artificial tears or hyaluronic acid eye drops has some limitations, blocking of the lacrimal canaliculi and/or puncta is often chosen as the appropriate alternative treatment. 2, 3 For blocking of the lacrimal canaliculi and/or puncta, punctal plugs are generally used as the initial treatment, 3 since in most cases that procedure can be reversed. However, in cases where the use of punctal plugs is not applicable, eg, when repeated plug extrusion results in the punctum becoming submit your manuscript | www.dovepress.com
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Yokoi et al so enlarged that no appropriate plug size is available 4 or when the reopened canaliculus and/or punctum is deformed due to the failure of earlier blocking methods, 2 a more reliable blocking method is necessary to improve the patient's symptoms. Various methods of punctal occlusion have previously been reported, 2 however, some surgical methods, such as dacryocystectomy, nasolacrimal duct occlusion, or canalicular excision, [5] [6] [7] are relatively invasive and sometimes difficult to reverse. Cauterization methods such as thermal cautery, [8] [9] [10] diathermy, 11 laser surgery, 12 canalicular ligation, 13 removal of punctal and canalicular epithelium followed by sutures, 14 or a punctal patch 10 are reportedly simple and less invasive, yet those methods alone may produce varied and unpredictable results, often leading to a reopening of the once-closed punctum and/or canaliculus. [8] [9] [10] 12, 14 The purpose of this present study was to investigate the efficacy of our newly developed surgical procedure to overcome the recanalization of once-surgically occluded punctum and/or canaliculus, and to establish a standardized reliable method for punctal occlusion.
Patients and methods Subjects
This study was approved by the Institutional Review Board of Kyoto Prefectural University of Medicine, Kyoto, Japan and was conducted in accordance with the tenets set forth in the Declaration of Helsinki. Prior written informed consent was obtained from all subjects after they received a detailed explanation of the nature of the study and possible consequences associated with their participation.
This study involved 20 puncta of 12 eyes of 12 patients (ie, 2 puncta of 1 eye of 1 male patient and 18 puncta of 11 eyes of 11 female patients). The mean patient age was 65.2±14.3 years (mean ± SD) (29-82 years). According to the diagnostic criteria described below, all 12 patients had ATDDE. Of those 12 patients, 7 patients had SS dry eye (ie, 3 cases of primary SS and 4 cases of secondary SS, with the diagnosis of SS based on the criteria of Fox and associates), 15 3 patients had non-SS dry eye, 1 patient had ocular cicatricial pemphigoid, and 1 patient had graftversus-host disease. As shown in Table 1 , of the 18 puncta of the 12 eyes enrolled, 7 puncta of 4 eyes had undergone frequent punctal-plug extrusion only (Cases 8, and 10-12), and 13 puncta of 8 eyes had undergone repeated punctal-plug extrusion and repeated failure of conventional electrodiathermy 2 and sutures (Cases 1-7, and 9). Five puncta were left untreated since they were stably closed due to punctal-pluginduced granulation (Case 8) or due to the fact that the punctal plug was properly fitted (Cases 1-3, and 12) ( Table 1) .
Prior to enrollment, each subject underwent tear tests including the Schirmer's 1 test (ST1) 16 ( LGS: an abnormal score for lissamine green being $3, based on the van Bijsterveld criteria for rose bengal staining). 20 The ATDDE subjects enrolled in this study met the following inclusion criteria: an abnormal ST1 value and abnormal FS or LGS; all eyes also showing abnormal FBUT values (summarized in Table 1 ). None of the eyes of the enrolled patients could be treated through the use of eye drops (ie, including preservative-free artificial tears, steroids, hyaluronic acid, or combinations of these), and had therefore received treatment for punctal occlusion. On the pre-and postoperative examination days, all subjects were requested to not use their usual eye drops within 1-hour prior to the examination.
evaluation of tear volume
In this study, to evaluate the effect of our newly developed surgical punctal occlusion on the retention of tears and/or artificial tears over the ocular surface, the pre-and postoperative radii of the central portion of the lower tear meniscus radius (TMR, mm) were compared. The tear meniscus represents 75%-90% of the total tear volume 21 and the TMR value reflects the total tear volume over the ocular surface, 22 so video-meniscometry [22] [23] [24] [25] was used to measure that value. Video-meniscometry involves the projection of an illuminated target consisting of a pair of black and white stripes onto the meniscus. A reflected image of that target is then digitally captured in real time and the TMR value is subsequently calculated via the "concavemirror" formula.
Evaluation of the precorneal tear film (TF)
In this study, we have also investigated the condition of the precorneal TF before and after surgery via the use of a video-interferometer (DR-1™; Kowa Co. Ltd., Tokyo, Japan). 26 This instrument is equipped with both low-and high-magnification viewing modes which allow observation of a 6.8 mm (vertical) ×8.8 mm (horizontal) or 2.3 mm (vertical) ×3.2 mm (horizontal), respectively, rectangular area of the center of the cornea. In this study, the high magnification mode was chosen to obtain information about the TF lipid layer interference, as interferometers provide quantitative information on the thickness of the lipid layer 27 and postblink lipid layer spread. 28 However, in this study, both pre-and postoperative interference patterns were evaluated qualitatively using the high magnification mode according to our interferometry grading (IG) system. 26 surgical steps of the newly developed punctal occlusion and postoperative care
Our newly developed surgical technique was aimed at producing a complete and permanent punctal occlusion, with no reopening of the puncta post surgery. To achieve that goal, a small amount of solid fibrous tissue was obtained from under the lacrimal caruncle and was inserted into the deepithelialized canaliculus to keep the closed punctum permanently fixed. However, with that aspect aside, the steps of our surgery follow those that have been previously established.
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The anesthesia steps of our new surgical procedure were as follows. First, topical anesthetic eye drops using 0.4% oxybuprocaine (Benoxinate Hydrochloride 0.4%; Santen Pharmaceutical Co. Ltd., Osaka, Japan) were instilled. Next, pressure anesthesia 29 was applied for 10 minutes to relieve pain at the time of injecting the local anesthesia (in accordance with the reported technique involving the use of a cotton swab soaked with 4% lidocaine [Xylocaine ophthalmic solution 4%; AstraZeneca K.K., Osaka, Japan], with repeated instillation to keep the swab wet). Finally, additional local anesthesia was applied around the punctum using 2% lidocaine (Xylocaine injection 2%; AstraZeneca).
The remaining surgical steps were as follows and are shown in Figure 1A and B. First, diathermy was gently applied to approximately the first 2 mm of the canalicular epithelium below the punctum (ie, the vertical portion of the canaliculus) using a diathermy unit (OM-401S; Tagawa Electric Research Institute Ltd., Chiba, Japan) equipped with a newly designed monopolar electric needle. 11 Next, the diathermy-induced heat-injured epithelium was removed from the canaliculus using a hand-held motor burr grinder for the corneal rust ring 11 (S-226 Handy Micromotor; Inami Co. Ltd., Tokyo, Japan). A 2-mm incision was then made along the temporal edge of the lacrimal caruncle, with fibrous tissue being drawn from under the caruncle, excised, and cut in half in cases where it was necessary to occlude both the upper and lower puncta. A small excised portion of the medial rectus capsulopalpebral fascia (CPF) was then inserted into the deepithelialized canaliculus and fixed with one stitch of 10-0 nylon placed through the excised fibrous tissue between each contralateral edge of the punctum, with the size of the tissue for excision being determined in accordance with the beforehand-measured size of the punctum. Finally, additional 10-0 nylon stitches were placed in a cross pattern to fix the fibrous tissue tightly against the deepithelialized canalicular wall, thus completely closing the punctum; the number of sutures (which ranged from 2 to 5) was determined according to the size of punctum. Yokoi et al Following surgery, the patients were instructed to wear an eye patch during sleeping hours for 1 week to prevent any accidental breakage of sutures. The sutures were removed when they became loose, yet those covered by conjunctiva were left in place. Until 4-weeks postoperative, 0.1% fluorometholone (Fluorometholone 0.1%; Santen Pharmaceutical) and 0.5% levofloxacin (Cravit ® Ophthalmic Solution; Santen Pharmaceutical) were instilled twice daily.
In addition, preservative-free artificial tears containing 0.1% KCl and 0.4% NaCl (Soft Santear ® ; Santen Pharmaceutical) were instilled six-times daily to wash out the mucus component of the tears.
Postoperative follow-up
To evaluate the effectiveness of our novel surgery, all patients underwent follow-up examinations at 2-days, 2-weeks, and 
, TF examination by meniscometry, interferometry, and the measurement of TF breakup time, as well as the fluorescein and lissamine green staining scores (focused on ocular surface epithelium) were examined and compared with those obtained prior to surgery. In addition, each follow-up examination included examination of the operated punctum via slit-lamp microscopy. Slit-lamp examinations of the cornea using fluorescein were performed up to 13-months postoperative, and were continued from that point forward in some cases to confirm good closure of the punctum. Moreover, the improvements of subjective symptoms (dry-eye sensation and foreign body sensation) were self-graded by the patients into one of the following: remarkably improved, improved, unchanged, and deteriorated.
statistical analysis
For statistical analysis, comparison between the results of the examinations performed at pre-and 6-months postoperative were made. FBUT, FS, LGS, and IG were compared using the Wilcoxon test. For comparison of the TMR, a paired t-test was used. A P-value of #0.05 was considered statistically significant.
Results
Slit-lamp examination findings
During the postoperative follow-up period (mean postoperative follow-up period: 8.6 months; range: 6-13 months), it was found that complete punctal occlusion by the conjunctiva was maintained in all cases. Postoperative inflammation around the punctum was observed, but it disappeared within 1-month postoperative. A representative example of a closed puncta at 6-month postoperative is shown in Figure 2 .
Individual results of the examinations, including tear volume and the condition of the precorneal TF, as well as ocular surface staining on the last examination prior to surgery and at 6-months postoperative are summarized in Table 1 and Figure 3 (the statistical analyses in Table 1 and Figure 3 are summarized below). Representative photographs obtained prior to and after surgery (Case 12 in Table 1 ) are shown in Figure 2 , and representative cases (Cases 5 and 7 in Table 1 ) are shown in Figures 4 and 5 , respectively.
analysis of tear volume and precorneal TF
The findings of the meniscometry examinations revealed that the mean TMR (mm) at 6-months postoperative was statistically greater than that of prior to surgery (P=0.002); Table 1) . Note: Images showing the enlarged puncta due to frequent punctal-plug extrusion that appeared prior to the patient undergoing our newly developed surgical method (left, arrowheads) and at 6-months postoperative (right, arrowheads).
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Yokoi et al 0.18±0.08 [mean ± SD] and 0.56±0.28, respectively). Moreover, interferometry findings showed that the mean IG at 6-months postoperative was statistically smaller than that at before surgery (P=0.009); 4.3±0.9 [mean ± SD] and 2.7±0.8, respectively). In addition, the FBUTs (in seconds) at 6-months postoperative were statistically longer than those at before surgery (P=0.004); 0.4±0.6 [mean ± SD] and 4.1±2.9, respectively).
analysis of ocular surface staining In all cases, the condition of the eyes were maintained postoperatively using only eye drops, and except for minor linear scarring at the conjunctival incision adjacent to the lacrimal caruncle, no postoperative complications were observed.
improvement in symptoms
At 6-months postoperative, the subjective symptoms of the patients were remarkably improved in 11 patients, and also improved in 1 patient whose unilateral punctum was closed incompletely with a punctal plug due to the deformed punctum caused by repeated punctal surgery; none of the patients reported unchanged or deteriorated symptoms, or complained of symptomatic epiphora.
Discussion
Numerous methods have been developed for permanent punctal occlusion, including thermal cautery, [8] [9] [10] diathermy, 11 and laser surgery, 12 as well as other techniques such as canalicular ligation, 13 removal of punctal and canalicular epithelium followed by sutures, 14 or the use of a punctal patch. 10 However, none of these methods have been able to achieve a long-term postoperative 100% success rate.
In developing our new method of long-term stable punctal occlusion, we tried to focus our attention on the causes of recanalization. In our opinion, recanalization is caused by mechanical friction associated with blinking, the generation of suction in the lacrimal system caused by blinking, and in particular, the tendency of the surgically deformed mucosal ring 2 to resume its normal shape. Since our method does not rely on the deformation of the mucosal ring, the stress related to a surgically deformed ring is avoided. Furthermore, in our method, we believe the insertion of fibrous tissue from under the caruncle not only allows the mucosal ring to maintain its shape but also helps to support and stabilize the occluded punctum and lessen the chance of recanalization brought on by the mechanical stress of blinking and the generation of suction in the lacrimal system.
The findings in this study demonstrated that our newly developed surgery for punctal occlusion is both safe and 
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a new surgical procedure for punctal occlusion effective for long-term and complete occlusion of the punctum. At as early as 1-month postoperative, the surgically closed puncta appeared to be covered by the conjunctiva, with no inflammation around the puncta. In cases where the conjunctiva had not completely covered the sutures, they were removed when they became loose. TF analysis by meniscometry, interferometry, and measurement of FBUT, respectively, revealed that the total tear volume on the ocular surface (represented by TMR), 22 the condition of the precorneal TF (represented by the IG), 26 and the stability of the TF (represented by the FBUT) were improved throughout the 6-month postoperative period. We have also found that the ocular-surface staining scores, including those for fluorescein and lissamine green, were significantly improved, 
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Yokoi et al and that the symptoms were greatly improved in all cases throughout the 6-month postoperative period. It should be noted that continued examinations after 6-months postoperative are needed for all cases that undergo our new surgical method, but the findings in this present study appear to indicate very positive long-term improvement in tear volume, TF stability, and ocular surface epithelium without the allowance of any pin-point reopening, thus resulting in a considerable improvement of the patients' symptoms.
Comparison with the findings in another very successful study 14 helped us to gauge the success of the present study. In the previous study, removal of the epithelium from the vertical portion of the canaliculus, followed by closure of the punctum with 6-0 chromic sutures, yielded a 92% success Table 1) . Notes: The upper and lower puncta of this patient had been unsuccessfully operated on four times by conventional methods of diathermy and suturing. The left-side images illustrate the preoperative condition. The top-left image shows that the upper punctum is enlarged (arrowhead) and that the lower punctum appears to have a tiny reopening (arrowhead) (Note: the upper and the lower punctum were photographed separately and adapted together for the punctum to be more clearly focused). The middle-left and bottom-left images show the condition of corneal epithelial damage (scored as A2D3) and the video-meniscometry photograph, respectively (calculated TMR: 0.33 mm). The right-side images show the condition of the eye at 6-months postoperative. The top-right image shows the puncta (arrowheads) being completely closed post our new surgical method. The middle-right image shows the condition of corneal epithelial damage (scored as A0D0), and the bottom-right image shows increased tear volume, as evaluated by video-meniscometer (calculated TMR: 0.88 mm).
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a new surgical procedure for punctal occlusion rate (24 out of 26 puncta), even after 24 months. Although the 6-month postoperative follow-up period in this present study is relatively short, the thoroughness of the examinations in our study provides very credible evidence of 100% occlusion, as well as long-term significant improvement in tear volume, TF stability, and ocular surface epithelium.
It should be noted that our new surgical procedure required the development of several new surgical tools and techniques. The first of these is a monopolar electric needle for diathermy, 11 replacing the general bipolar forceps which do not always directly and efficiently cauterize the canalicular epithelium. 2 In our procedure, this needle was applied gently to the canalicular wall to help the subsequent burr grinderassisted removal of epithelium. The second innovation of our new surgical procedure was the use of a hand-held motor burr grinder to remove the canalicular epithelium; the successful use of this technique has been previously reported.
14 Most significantly, the third innovation, specifically aimed at the long-term stable closure of the punctum, is the use of a small amount of fibrous tissue from a part of the medial rectus CPF 30 under the lacrimal caruncle. This tissue is sometimes resected during pterygium surgery with no complications. In our new surgical procedure, this tissue is inserted into the canaliculus so that it is flush with the opening of the punctum, and then fixed with anchor sutures to provide punctal occlusion without deformation.
As for other important concerns, future investigations should focus on whether or not medial rectus CPF is the optimal fibrous tissue for supporting punctal occlusion. In our preliminary trial, we used fibrous tissue from the semilunar fold, the excision of which presents no complications. 31 However, this tissue is difficult to manipulate and proved to be too soft and fragile for insertion within the canaliculus. The density and consistency of fibrous tissue from the medial rectus CPF is better suited for insertion and occlusion of the punctum. We also had some concern that the use of tissue from the medial rectus CPF might lead to postoperative vision problems, since the medial rectus CPF is connected to the caruncle and helps to pull the caruncle away from the visual field during eye movement. However, none of our patients complained of any vision problems post surgery.
Of the enrolled subjects, there were numerous cases with enlarged punctum due to repeated punctal-plug extrusion. In the future, such cases can be expected to increase based on the findings in our previous report, 4 which showed that the punctum size increases at an average of 0.1 mm each time a punctal plug is extruded. As would be expected, such cases eventually require surgical punctal occlusion when there is no appropriate-sized punctal plug available. Therefore, larger-sized puncta which have experienced repeated punctal-plug extrusion, as well as those with surgically induced deformation, may be the best candidates for our new occlusion surgery.
It should be noted that this study did have limitations, such as a relatively small sample size and short-term follow-up period. Thus, a larger sample size and careful follow-up to confirm the long-term complications such as canaliculitis and reopening of the once-closed punctum is needed, and we plan to report on those complications in a future study.
In conclusion, the postoperative findings in this study show that our newly developed surgery is both safe and effective for obtaining complete punctal occlusion, even in cases of severe ATDDE which are traditionally difficult to treat with conventional surgery. Further study is needed to simplify the surgical steps of our new punctal occlusion, ie, the use of a more appropriate burr grinder than the burr grinder for corneal rust ring to avoid the diathermy step, as well as a more appropriate and easy to manipulate suture thread than 10-0 nylon.
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